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The aim of the present work is to determine the influence of C5 substitution on the photophysical 
properties of 2-thiopyrimidines (2-TPyr). With this purpose, 2-thiouracil, 5-t-butyl-2-thiouracil and 2-
thiothymine (TU, BTU and TT, respectively) have been selected as target thionucleobases for the 
experimental studies and, in parallel, for DFT theoretical calculations. The UV spectra displayed by TU, 
BTU and TT in EtOH were very similar to each other. They showed a maximum around 275 nm and a 10 
shoulder at ca. 290 nm. The three 2-TPyr exhibited a strong phosphorescence emission; from the recorded 
spectra, triplet excited state energies of ca. 307, 304 and 294 kJ/mol were determined for TU, BTU and 
TT, respectively. Laser excitation at 308 nm gave rise to a broad transient absorption band from 500 nm 
to 700 nm, which was in principle assigned to the triplet-triplet absorption. The triplet lifetimes were 70 
ns, 1.1 s and 2.3 s, for TU, BTU and TT, respectively. This assignment was confirmed by energy 15 
transfer experiments, using biphenyl (ET = 274 kJ/mol) as acceptor. The obtained photophysical data, 
both in phosphorescence and transient absorption measurements, point to significantly different properties 
of the TT triplet excited state in spite of the structural similarities. This behaviour can be satisfactorily 
explained by theoretical calculations at the B3LYP/aug-cc-pVDZ/PCM level. 
Introduction 20 
Thionucleobases (TNB) are naturally occurring in biological 
materials. For example, 2-thiouracil is a minor tRNA component 
found in the wobble position within the anticodon.1 Moreover, 
TNB incorporate easily into the DNA/RNA strands without 
provoking a significant change in base pairing and are less bulky 25 
than conventional crosslinking agents like azidophenacyl-
substituted nucleosides.2-3 Some of their derivatives show 
antitumor, antiarthritic and antithyroid activity.4-6 
 The introduction of a thiocarbonyl group in thymine or uracil 
increases their reactivity and results in modified photophysical 30 
features such as a red shifted UV absorption and a dramatic 
increase of the intersystem crossing quantum yield (ISC ~ 1).
7-8 
This leads to highly reactive triplet excited states able to interact 
with the canonical nucleobases. Thus, it is possible to achieve 
selective long-wavelength photoactivation of TNB, making them 35 
attractive for mechanistic studies and also as potential prodrugs in 
photodynamic therapy.6 In addition, TNB can be used to perform 
photo-crosslinking experiments designed to obtain valuable 
structural information.9-10 A specific application is 
photoactivatable-ribonucleoside-enhanced crosslinking and 40 
immunoprecipitation (PAR-CLIP), where photoreactive 
thioribonucleosides are used for identifying the binding sites of 
cellular RNA-binding proteins and microRNA-containing 
ribonucleoprotein complexes.11 
 From the photochemical point of view 4-thiopyrimidines have 45 
been investigated in depth. By contrast, the 2-thio analogues have  
 
attracted comparatively little attention. In this context, 2-
thiothymine has been recently subjected to phosphorescence 
emission and transient absorption spectroscopic studies. As a 50 
result, highly efficient formation of the excited triplet state has 
been observed as a structureless band in the 550-700 nm region; 
its energy has been estimated at 282 kJ/mol and its lifetime at 2.7 
s in MeCN. The experimental results have been correlated with 
quantum chemical calculations at the B3LYP/6-31+G(d,p)/PCM 55 
level.7-8  
 The aim of the present work is to determine the influence of 
C5 substitution on the photophysical properties of 2-
thiopyrimidines (2-TPyr). With this purpose, 2-thiouracil, 5-t-
butyl-2-thiouracil and 2-thiothymine (TU, BTU and TT, 60 
respectively, Fig. 1) have been selected as target TNB for the 
experimental studies and, in parallel, for DFT theoretical 
calculations. 
Materials and methods  
Chemicals 65 
2-Thiouracil (TCI Europe), 2-thiothymine (Alfa Aesar), biphenyl 
and benzhydrol (Sigma-Aldrich) were commercial samples and 
used without further purification. As regards 5-t-butyl-2-
thiouracil, it was prepared and purified according to the 
previously reported procedure.12 Ethanol and acetonitrile (HPLC 70 
grade) were purchased from Scharlau and used as received. 
 
 
 
Absorption and emission spectroscopy 
Absorption spectra were measured with a double beam Varian 
UV-VIS model Cary 300 Scan spectrophotometer, using 1 cm 
pathway quartz cuvettes. Phosphorescence spectra were obtained 
from a Photon Technology International (PTI, TimeMaster TM-5 
2/2003) spectrofluorometer equipped with a pulsed Xe lamp. The 
apparatus was operated in time-resolved mode, with a delay time 
of 0.5 ms. Compounds were dissolved in ethanol, placed in quartz 
tubes (5 mm of diameter) and cooled at 77 K. The samples were 
excited at 270 nm. Xanthone was used as a reference for 10 
determining the phosphorescence quantum yields (Ph  = 0.4). 
Laser flash photolysis 
A pulsed Xe/HCl Excimer Laser (LEXTRA50 Lambda Physik 
LaserTechnik) was used, with 308 nm as excitation wavelength 
(10 ns pulse). A Lo255 Oriel Xe lamp was employed as detecting 15 
light source. The laser flash photolysis apparatus consisted of the 
pulsed laser, the Xe lamp, a monochromator (Oriel, model 
77200), a photomultiplier system (Oriel, model 70705) and a 
TDS-640A Tektronix oscilloscope. The output signal from the 
oscilloscope was transferred to a personal computer. The samples 20 
were dissolved in acetonitrile and bubbled with N2. In general, 
their absorbance was adjusted to ~0.3 at 308 nm. 
 For quenching experiments, microlitre volumes of a stock 
biphenyl solution were used in order to obtain appropriate 
quencher concentrations in the sample cell (from 0 to 5.2 10-4 M). 25 
The triplet decay traces corresponding to 2-TPyr were monitored 
at 650 nm, while the concomitant formation of the biphenyl 
triplet excited state was followed as a growth at 360 nm. 
Quenching by benzhydrol was performed by addition of up to 0.4 
M of this compound to samples of 2-TPyr (A308 = 0.3). 30 
Computational details 
 Ground-state geometries of TU, BTU and TT were optimised 
without symmetry constraints. Different exchange-correlation 
functionals including B3LYP,13-14 CAM-B3LYP,15 B97XD16, 
M062X17 and PBE018 were used. The 6-31+G(d),19 cc-pVDZ, 35 
aug-cc-pVDZ and aug-cc-pVTZ20 basis sets were employed in 
the calculations with each DFT functional. All optimised 
geometries were confirmed to be a true minimum on the potential 
energy surface through a vibrational frequency calculation. The 
electronic vertical singlet and triplet transition energies in the 40 
Frank-Condon region were computed from the singlet ground-
state geometry by using the time-dependent density functional 
theory (TD-DFT) method21-27 employing the same level of theory 
as for optimisation. The phosphorescence emission energies were 
computed using a well-established three step approximation: i) 45 
optimisation of the triplet excited state geometries with the 
corresponding unrestricted DFT method, ii) vibrational frequency 
analysis of the obtained geometry to verify that it is a minimum, 
iii) calculation of the singlet-triplet excitation energies with a TD-
DFT approach from the excited state geometry. Solvent effects 50 
were modelled with the use of the PCM model.28-29 All DFT 
calculations were carried out with Gaussian09 package.30 It 
should be noted that the oscillator strengths of singlet-triplet 
excitations are set to zero due to the neglected spin-orbital 
coupling in the triplet TD-DFT calculation in Gausssian09. 55 
Finally, from all the twenty DFT method/basis set combinations  
Fig. 1. Absorption spectra of TU, BTU and TT in EtOH and calculated 
oscillator strength of S1 to S6 states (dashed lines). Inset: structure of the 
2- thiopyrimidines under study 
60 
Fig 2. Phosphorescence spectra A) and lifetimes B) of TU, BTU and TT 
recorded in ethanol glassy matrix at 77K  
used in geometry optimisation and TD-DFT calculations, only 
B3LYP/aug-cc-pVDZ/PCM results will be discussed, since they 
provide the best matching of absorption and emission properties. 65 
Full details are included in the Electronic Supplementary 
Information (ESI) section. 
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Fig. 3 (A) Transient absorbance changes observed upon laser excitation 
of 2-thiothymine in MeCN, in the presence of biphenyl (1.7 x 10-4 M) as 
the triplet quencher. (B) Decay and growth traces at 650 nm and 360 nm 
Results and discussion 
Absorption and emission properties of 2-thiopyrimidines  5 
The UV spectra displayed by TU, BTU and TT in EtOH were 
very similar to each other. They showed a maximum around 275 
nm and a shoulder at ca. 290 nm (Fig. 1), with TU 4 nm 
blueshifted. No fluorescence emission was observed even when 
the experiment was performed at 77 K. As expected from the 10 
reported data7 for related compounds, TU, BTU and TT exhibited 
a strong phosphorescence emission in ethanol matrix. In spite of 
their structural similarity, a significant difference was found in 
the position of the bands (Fig. 2). Thus, maxima at 405, 427 and 
455 nm were found for TU, compared with 409, 432 and 463 nm 15 
for BTU. In the case of TT the whole spectrum was ca. 20 nm 
red-shifted (maxima at 425, 451 and 483 nm). From these spectra 
triplet excited state energies of ca. 307, 304 and 294 kJ/mol were 
determined from the wavelength corresponding to 10% intensity 
for TU, BTU and TT, respectively. Similar phosphorescence 20 
quantum yields were determined for the three compounds (Ph = 
0.7). Finally, the phosphorescence lifetimes of TU, BTU and TT 
resulted to be 7, 20 and 18 ms; the corresponding decays are 
shown in Fig. 2B. 
Transient absorption spectroscopy  25 
Laser excitation of TU, BTU and TT at 308 nm (pulsed Xe/HCl 
excimer laser) gave rise to a broad transient absorption band from  
 
Fig. 4 Optimised geometries for the lowest-lying states of TU, BTU and 
TT at the (U)B3LYP/aug-cc-pVDZ/PCM level 30 
 
500 nm to 700 nm, which was in principle assigned to the triplet- 
triplet absorption based on the reported spectrum.7 No significant 
change was observed upon bubbling with N2O. In all cases, the 
signal decayed with uniform kinetics along the spectrum, 35 
indicating the presence of only one transient species. The decay 
traces at 650 nm were fitted with a monoexponential function. 
The lifetimes were 70 ns, 1.1 s and 2.3 s, for TU, BTU and TT, 
respectively. To confirm the assignment, triplet-triplet energy 
transfer experiments were carried out using biphenyl (ET = 274 40 
kJ/mol)31 as acceptor. As shown in Fig. 3A for TT, a new band 
appeared peaking at 360 nm, characteristic of the biphenyl triplet 
excited state, concomitantly with the disappearance of the signal 
at 650 nm. The kinetic traces at 360 and 650 nm are shown in 
Fig. 3B for TT. Similar results were obtained for TU and BTU. 45 
Further experiments were conducted to determine the electronic 
configuration of these excited states. With this purpose, the decay 
kinetics and the transient absorption spectra of TT, BTU and TU 
were recorded in the presence of benzhydrol as hydrogen donor. 
No triplet quenching was observed after addition of up to 0.4 M 50 
benzhydrol, neither was formation of the expected ketyl radical 
(max = 550 nm) observed. This supports a * nature for the 
triplet and contrasts with the results of a control experiment using 
the benzophenone/benzhydrol couple under the same 
experimental conditions. 55 
 The obtained photophysical data, both in phosphorescence and 
transient absorption measurements, point to significantly different 
properties of the TT triplet excited state. This behaviour could not 
be intuitively rationalised in terms of the C5 substitution; hence, 
theoretical calculations were performed to understand the 60 
experimental results. 
 
Fig. 5 Spin density plot (0.009 isovalue) of the triplet geometries of TU, 
BTU and TT at the UB3LYP/aug-cc-pVDZ/PCM level 
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Fig. 6 Energy diagrams of the first six singlet and triplet excited 
states of TU, BTU and TT. The horizontal bars represent energy 
levels for the vertical transitions from the ground state computed 
by the TD-DFT method. 5 
Theoretical calculations 
Geometry and electronic properties 
Geometries of the lowest-lying singlet and triplet states of TU, 
BTU and TT are shown in Fig. 4. The singlet ground-state 
geometries belong to the Cs symmetry group since all atoms  lie 10 
in the plane of the pyrimidine ring (except two hydrogens of the 
in-plane methyl group of TT and BTU and two methyl groups of 
BTU). The bond lengths and angles are nearly equivalent on TU, 
BTU and TT. The triplet geometries present a bending axis along 
N3 and C6 atoms to adopt a Dewar-like conformation. Again, the 15 
bond lengths and angles on TU, BTU and TT are comparable. At 
both singlet and triplet geometries, the pyrimidine ring appears to 
be relatively rigid irrespective of the substitution on C5.7 
Although most of the interatomic distances in the S0 and T1 
geometries are similar, a significant lengthening of the C5-C6 20 
bond (ca. 0.12-0.14 Å) is observed in the triplet state. Finally, a 
TD-DFT optimisation for the first and second excited singlet 
states for the studied 2-TPyr at B3LYP/aug-cc-pVDZ/PCM level 
was performed, finding a significant elongation of the C-S bond7 
but preserving the Cs symmetry of the molecules.  25 
 To gain insight into the electronic nature of the T1 state, the 
calculated spin density is shown in Fig. 5. In all three bases, spin 
density is mainly located at the C5 and C6 atoms.  
Absorption and emission properties  
According to TD-DFT calculations in the Frank-Condon region, 30 
the first six singlet-singlet excitations from the ground state S0 
share identical characteristics throughout TU, BTU and TT (see 
Table 1 and Fig. 6). In this way, S1 involves mainly a transition 
from the n orbital located mostly on the sulphur atom (HOMO-1) 
to the * orbital with antibonding character extending over the 35 
N1-C2, C2-S and C2-N3 bonds (LUMO). The S2 state is mainly 
associated with the transition from the HOMO orbital (), located 
on the sulphur atom, to the LUMO. The key molecular orbitals 
HOMO-1, HOMO, LUMO and LUMO+1 are shown in Fig. 7.  
 Therefore, the absorption bands of 2-TPyr would be attributed 40 
to the allowed transitions S0  S2 (*, calculated oscillator 
strength 0.1095 for TU, 0.1433 for BTU and 0.1245 for TT) and 
S0  S4 (*, calculated oscillator strength 0.3642 for TU, 
0.4557 for BTU and 0.4156 for TT). The UV simulated spectra 
obtained from these TD-DFT values for the singlet-singlet 45 
transitions agree well with the experimental data (see Fig. 1 and 
Table 1). Note that the 0.0000 value computed for the S0S1 
(n*) transition of these 2-TPyr may correspond to any value 
under 0.0001. 
 The vertical S0T1 (*) transition values computed for the 50 
2-TPyr at B3LYP/aug-cc-pVDZ/PCM level (299.9 kJ/mol for 
TU, 300.5 kJ/mol for BTU and 296.7 kJ/mol for TT) are in the 
same range as the experimentally observed triplet energy values 
(see Table 1 and Fig. 6). A triplet excited state optimisation at 
UB3LYP/aug-cc-pVDZ/PCM level of their geometries, followed 55 
by a singlet-triplet TD-DFT calculation at the same level gave 
vertical energy transition values slightly higher (316.8 kJ/mol for 
TU, 314.1 kJ/mol for BTU and 318.1 kJ/mol for TT) but still 
comparable to the experimental values.  
 60 
TU      
State Excitation E (eV) E (kJ/mol) nm 
Oscillator 
strength 
S1 (nπ*) H-1→L 3.74 361.1 331.6 0.0000 
S2 (ππ*) H→L 4.16 401.4 298.3 0.1095 
S3 (nπ*) H-1→L+1 4.31 415.9 287.9 0.0003 
S4 (ππ*) H→L+1 4.73 456.8 262.1 0.3642 
S5 (nπ*) H-3→L 4.95 478.1 250.4 0.0002 
S6 (ππ*) H-2→L 5.26 507.7 235.8 0.0052 
T1 (ππ*) H→L 3.11 300.1 398.9 - 
T2 (nπ*) H-1→L 3.54 341.7 350.4 - 
T3 (ππ*) H→L+1 3.60 348.0 344.0 - 
T4 (nπ*) H-1→L+1 4.20 405.0 295.6 - 
T5 (ππ*) H-2→L 4.35 420.2 284.9 - 
T6 (nπ*) H-3→L 4.63 447.2 267.7 - 
BTU      
S1 (nπ*) H-1→L 3.85 371.9 321.9 0.0000 
S2 (ππ*) H→L 4.14 399.6 299.6 0.1433 
S3 (nπ*) H-1→L+1 4.31 416.6 287.4 0.0003 
S4 (ππ*) H→L+1 4.65 448.9 266.7 0.4557 
S5 (nπ*) H-3→L 4.89 471.7 253.8 0.0002 
S6 (ππ*) H→L+2 5.38 519.6 230.4 0.0325 
T1 (ππ*) H→L 3.11 300.7 398.1 - 
T2 (ππ*) H→L+1 3.55 343.2 348.8 - 
T3 (nπ*) H-1→L 3.66 353.4 338.8 - 
T4 (nπ*) H-1→L+1 4.19 404.5 296.0 - 
T5 (ππ*) H-2→L 4.36 421.4 284.1 - 
T6 (nπ*) H-3→L 4.59 443.3 270.1 - 
TT      
S1 (nπ*) H-1→L 3.84 370.9 322.8 0.0000 
S2 (ππ*) H→L 4.12 397.8 301.0 0.1245 
S3 (nπ*) H-1→L+1 4.31 416.4 287.5 0.0003 
S4 (ππ*) H→L+1 4.64 448.6 266.9 0.4156 
S5 (nπ*) H-3→L 4.99 481.8 248.5 0.0002 
S6 (ππ*) H→L+2 5.38 519.4 230.5 0.0245 
T1 (ππ*) H→L 3.08 296.9 403.2 - 
T2 (ππ*) H→L+1 3.53 340.5 351.6 - 
T3 (nπ*) H-1→L 3.65 352.1 340.0 - 
T4 (nπ*) H-1→L+1 4.21 406.5 294.5 - 
T5 (ππ*) H-2→L 4.36 421.3 284.2 - 
T6 (ππ*) H-2→L+1 4.62 446.2 268.3 - 
 
Table 1. Computed spectroscopic properties for the first six singlet and 
triplet excited states of TU, BTU and TT at B3LYP/aug-cc-pVDZ/PCM 
level from TD-DFT calculations:  main orbitals involved (H, HOMO; L, 
LUMO, ...), vertical transition energies (E in eV, kJ/mol and nm) and 65 
oscillator strength. 
 
 
 
 
Fig. 7 Molecular orbitals involved in transitions to the S1-S4 excited 
singlet states for TU, BTU and TT 
Conclusions 
Substitution of 2-thiopyrimidines at C5 modulates the 
photophysical properties of these thionucleobases,. 2-5 
Thiothymine presents the lowest triplet energy whereas 2-
thiouracil has the shortest triplet lifetime. Theoretical calculations 
at the B3LYP/aug-cc-pVDZ/PCM level agree well with the 
experimental range of excited state energies and support the * 
nature of the lowest triplet states. 10 
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